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ABSTRACT
In addition to the well-studied impacts of defecation
and defoliation, large herbivores also affect plant
and arthropod communities through trampling,
and the associated soil compaction. Soil compaction
can be expected to be particularly important on wet,
fine-textured soils. Therefore, we established a full
factorial experiment of defoliation (monthly mow-
ing) and soil compaction (using a rammer, annu-
ally) on a clay-rich salt marsh at the Dutch coast,
aiming to disentangle the importance of these two
factors. Additionally, we compared the effects on
soil physical properties, plants, and arthropods to
those at a nearby cattle-grazed marsh under dry and
under waterlogged conditions. Soil physical condi-
tions of the compacted plots were similar to the
conditions at cattle-grazed plots, showing decreased
soil aeration and increased waterlogging. Soil
salinity was doubled by defoliation and quadrupled
by combined defoliation and compaction. Cover of
the dominant tall grass Elytrigia atherica was
decreased by 80% in the defoliated plots, but cover
of halophytes only increased under combined de-
foliation and compaction. Effects on soil micro-
arthropods were most severe under waterlogging,
showing a fourfold decrease in abundance and a
smaller mean body size under compaction.
Although the combined treatment of defoliation
and trampling indeed proved most similar to the
grazed marsh, large discrepancies remained for both
plant and soil fauna communities, presumably
because of colonization time lags. We conclude that
soil compaction and defoliation differently affect
plant and arthropod communities in grazed
ecosystems, and that the magnitude of their effects
depends on herbivore density, productivity, and soil
physical properties.
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INTRODUCTION
Large herbivores exert strong impacts on their
habitat and other species (Trimble and Mendel
1995; Hobbs 2006). Traditionally, defoliation and
defecation have been viewed as the most important
mechanisms by which herbivores affect their
environment (for example, McNaughton and oth-
ers 1997; Borer and others 2014), but recently
effects of trampling have received increasing
attention. Trampling may provide a complemen-
tary explanation for the grazing response of plants
(Sørensen and others 2009) and soil fauna (Cole
and others 2008; Sørensen and others 2009; Schon
and others 2010), as well as for belowground
processes, such as nutrient mineralization rates
(Schrama and others 2013a, b).
Trampling can not only directly kill or damage
plants or animals, but also cause soil compaction
through the application of pressure on the soil
surface. From agricultural literature, it is known
that soil compaction decreases pore space and
connectivity, and hence transport of oxygen and
water (Horn and others 1995; Hamza and Ander-
son 2005; Cole and others 2008). This can be
detrimental to plant productivity (for example,
Lipiec and others 1991), soil fauna abundance
(Aritajat and others 1977; Heisler 1994; Beylich
and others 2010), and nutrient cycling (Breland
and Hansen 1996; Rasiah and Kay 1998). The
consequences of soil compaction due to trampling
for plant and animal communities in low-intensity
animal husbandry and naturally grazed ecosystems
are, however, poorly known and are difficult to
separate from the effects of defoliation, as the two
are usually spatially correlated. It has been
hypothesized that soil compaction is particularly
important in fine-textured clay soils, where under
wet conditions decreased pore connectivity leads to
increased waterlogging and anoxic conditions
(Liddle 1997; Schrama and others 2013b).
The effects of defoliation by large herbivores
usually differ from those of trampling. Although
variable effects have been reported, recent syn-
theses show that defoliation is generally positive for
plant species richness (Borer and others 2014) due
to a reduction in light competition, but often ne-
gative for species richness of aboveground arthro-
pods (Van Klink and others, in press) due to a
decrease in plant biomass and structural vegetation
complexity. Indirectly, also belowground fauna can
be affected by defoliation, foremost by an increase
in soluble carbon from increased root exudation
(Holland and others 1996; Hamilton and Frank
2001; Bardgett and Wardle 2003).
With respect to the relative impact of trampling and
defoliation on plant and animal communities, con-
trasting results have been reported from different
ecosystems. In alpine grasslands, weak effects of both
defoliation and trampling were found on plant and
microbial communities (Kohler and others 2004,
2005). Similarly, in Mediterranean grasslands, no
differences between the effects of trampling and
defoliationwereobserved (Dobarroandothers 2013).
In these ecosystems, the physical damage to plants
caused by trampling is obviously severe, but soil
compaction is unlikely to be important on thesewell-
drained, coarse-textured soils (Schrama and others
2013b; Veldhuis and others 2014). By contrast, on an
organic, wet soil in the subarctic tundra, physical
damage by trampling was the most important factor
increasingplant species richness (OlofssonandShams
2007) and decreasing decomposer abundances
(Sørensen and others 2009). Although effects of
compaction can be expected to be most pronounced
on poorly drained clay soils, an experimental
approach separating the relative contributions of
defoliation and compaction has so far been lacking.
Western European coastal salt marshes are
grasslands that are regularly flooded by sea water.
They typically occur on poorly drained, clay-rich
soils and are often used for livestock grazing. Soil
oxygen availability (redox potential) and salinity
are the most important abiotic determinants for
plant species occurrence in this habitat (Davy and
others 2011) and can both be modified by livestock
grazing (Esselink and others 2000; Schrama and
others 2013a). Here, we report results of a full
factorial experiment of defoliation and soil com-
paction on a temperate salt marsh. We compared
communities of plants, epigeic fauna, and soil mi-
cro-arthropods between treatments and to those of
a nearby cattle-grazed salt marsh. The soil condi-
tions on these marshes undergo strong seasonal
fluctuations with dry conditions prevailing in
summer and waterlogging in autumn; therefore,
we took measurements under both conditions
(June and September).
Starting from a long-term ungrazed situation,
dominated by the tall grass Elytrigia atherica, we
expected that grazed conditions overall would best
be approximated by the combined effects of defo-
liation and soil compaction. With respect to the
different biotic groups in our study, we expected
the relative importance of the effects of the two
factors to differ. Specifically, we expected plant
community composition to be explained by both
defoliation and soil compaction because plants lose
aboveground biomass to defoliation whereas the
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roots are affected by soil compaction. Because
compaction reduces soil aeration, we expected the
halophytic species, adapted to anoxic conditions, to
increase in cover in the compacted soil, at the
expense of glycophytes. The abundance and species
richness of epigeic fauna (arthropods living on the
soil surface) were expected to be mostly affected by
defoliation because this directly reduces vegetation
structural complexity and litter accumulation.
Finally,we expected abundance and species richness
of soil micro-arthropods to be mostly negatively
affected by soil compaction, where especially the
larger species are expected to be excluded or reduced
in abundance due to reduced pore space and pore
accessibility due to water logging.
MATERIALS AND METHODS
Study Site
The study was conducted on a salt marsh at the
Dutch Wadden sea coast (Noord Friesland Bui-
tendijks, 5320¢N; 0543¢E). Our study site is a
typical mainland salt marsh with a soil consisting of
several meters of marine clay deposits.
Livestock grazing has been a common practice on
western European salt marshes for centuries
(Bazelmans and others 2012). At our study site,
grazing leads to a complex matrix of several short-
statured grass and forb species (in the order of
dominance: Agrostis stolonifera, Plantago maritima,
Puccinellia maritima, Glaux maritima). In the absence
of grazing, the tall grass E. atherica dominates
interspersed with patches of A. stolonifera, Aster
tripolium and the annual forb Atriplex prostrata.
Our experimental plots were located in a long-
term ungrazed (>25 years) salt marsh, at a stan-
dardized elevation of about 45 cm above mean
high tide (MHT). Average inundation frequency at
this elevation was 35 inundations year-1 over
2008–2010 (Data Rijkswaterstaat). The soil is
waterlogged during at least 7 months a year, (from
late August until early April), depending on pre-
cipitation, inundations, and evapotranspiration.
Experimental Design
For our full factorial experiment, we chose eight
replicate patches (diameter about 6 m) with 100%
cover of E. atherica. Each of these patches was
subdivided into four 1.5–2.0 m2 plots, leaving
where possible more than 50 cm of untreated
vegetation between all plots. Each plot was ran-
domly assigned to one of the four treatments:
control, defoliation (D), soil compaction (C), and
defoliation and soil compaction (D + C). Root and
stolon connections of E. atherica were severed along
the edge of each experimental plot to 20-cm depth
at the start of the experiment, using a knife.
Preceding the first compaction round, defoliation
was performed by mowing the vegetation down to
5-cm height using a brush cutter, in September
2010. Thereafter, mowing was carried out by
manually clipping to 5 cm above the soil surface at
monthly intervals during the growing seasons
(June–September) of 2011 and 2012. Clipped bio-
mass was removed from the plots by hand.
Compaction was performed using a rammer
(Bomag BT60/4; 62 kg, surface 784 cm2, 13.5 kN,
704 bpm). We walked the rammer three times over
the plots at the regular speed of the machine. The
total pressure applied to the soil was comparable to
30-50 hoof treads, given a hoof pressure of 220 kPa
(Di and others 2001) and a forward momentum of
2 cm beat-1. Soil compaction was carried out in
October 2010 (wet soil), and thereafter in June
2011 and June 2012 (dry soil) to compact freshly
deposited sediment from winter inundations.
To compare our treatments to the grazed situa-
tion, we chose eight replicate plots, spaced 10 m
apart in a grazed salt marsh (stocking density 1 cow
ha-1, grazed May to October). This grazing regime
has been fairly stable for at least 10 years, although
the site was grazed at unknown densities for dec-
ades. These plots were located approximately 1 km
from the experimental plots, at the same elevation
above MHT and had a soil texture comparable to
the experimental plots (Nolte and others 2013).
Sampling
Soil Physical Properties
To test the effect of our experimental treatments,
we assessed a number of soil physical parameters.
We measured bulk density, air-filled porosity, and
soil moisture content in June 2011 (7 months after
the first compaction round), when the soil was
relatively dry, and in September 2011 (4 months
after the second compaction round) when the
soil was waterlogged, and measured soil salt
concentration in August 2011. For details on the
methodology, see Online Appendix A.
We measured soil redox potential, as a proxy for
oxygen availability, in the field, using a Graphtec
GL200 data logger with five Pt electrodes and an
HgCl reference electrode following Schrama and
others (2013a) at 2-, 5- and 10-cm depth in all plots
on September 27th, 2011. Low redox potential is
associated with low oxygen availability and the
production of toxic compounds, such as H2S and
reduced metals (Laanbroek 1990).
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Plants
We estimated the cover percentage of each plant
species in all plots twice yearly (June and
September), from September 2010 until September
2012.
Nomenclature follows Van der Meijden (2005).
To assess the effect of compaction on survival of the
roots of E. atherica, we calculated the proportion of
living and dead roots and rhizome biomass. For
details, see Online Appendix A.
Fauna
We sampled macro-fauna in late September 2011,
using one pitfall trap (Ø10 cm) per plot surrounded
by 50 cm 9 50 cm Perspex enclosures for 1 week.
We counted the individuals of the crustacean
macro-detritivore Orchestia gammarellus and identi-
fied all spiders and beetles to species level us-
ing Roberts (1995) and Freude and others (1965–
1999), respectively.
We collected soil micro-arthropods (Collembola
and Acari) in June (dry soil) and September (wa-
terlogged soil) 2011 by taking soil cores (Ø10 cm,
10 cm depth) from the center of each of the plots
and divided these into the upper (0–5 cm) and
lower (5–10 cm) strata. Soil fauna were extracted
in a Tullgren-type extractor (Van Straalen and Ri-
jninks 1982), stored in an ethanol–formaldehyde
solution, and identified to species level using
Fjellberg (1998, 2007) for Collembola, Weigman
(2006) for oribatid mites, and Karg (1993) for me-
sostigmatid mites. Astigmata and Prostigmata were
identified to family or genus level using Hughes
(1976) and Krantz and Walter (2009), and subse-
quently sorted over morpho-species. From the
sampling in June, we identified fauna from four
randomly chosen replicates due to the vast num-
bers of individuals, and from the sampling in
September we identified all fauna from all plots.
Data on average body length were collected from
the literature for Acari (Karg 1993; Weigmann
2006) and Collembola (Fjellberg 1998, 2007). For
the morpho-species of the Astigmata and the
Prostigmata, we performed measurements of body
length ourselves (for details see Online Appendix A
and Table A1).
Statistical Analyses
We used a series of univariate and multivariate
models with backward model selection to analyze
the effects of our treatments on soil properties,
plants, and arthropods. An overview of the models
used for each group of organisms is given in
Table 1, and a detailed account of the analyses can
be found in Online Appendix A. In general, models
comparing the compaction and defoliation effects
followed a simple compaction (y/n)*defoliation
(y/n) design. In models comparing the treated plots
to the grazed conditions, all five treatments were
entered as separate levels, where ‘grazed’ was
re-leveled as null treatment. Models that showed
overdispersion of the residuals (common for Pois-
son and binomial models) were corrected using
individual-level random effects (Online Appendix
A; Table 1). All statistical analyses were done in R
version 3.1.1 (R Core Team 2014).
For each group of organisms (plants, epigeic
fauna, and soil micro-arthropods at 0–5 cm depth
and 5–10 cm depth), we assessed the effects of
defoliation and soil compaction on community
composition using permutational multivariate
analysis of variance (MANOVA; ‘‘adonis’’ in the
Vegan R library; Oksanen and others 2014). As
factorial explanatory variables, we used defoliation,
soil compaction, and their interaction. Significance
was assessed by 10,000 permutations of the raw
data, but to account for our nested design, per-
mutations were only allowed within replicates.
These analyses were visualized using non-metric
multidimensional scaling (NMDS) of Bray–Curtis
dissimilarities.
We tested for the effects of defoliation and soil
compaction on soil properties (soil bulk density, soil
moisture content, air-filled porosity, salt concen-
tration, and redoxpotential) using generalized linear
mixed models [GLMM; lme4 library (Bates and
others 2014)], where replicate was included as ran-
dom factor. Because lme4 does not provide P values
for normally distributed models, we obtained these
using the lmerTest library (Kuznetsova and others
2014), where degrees of freedom are calculated by
Satterthwaite’s approximation.
Changes in the plant community were assessed
by comparing cover of the tall grass E. atherica, the
combined cover percentage of three short-statured
grass species dominant on grazed salt marshes (A.
stolonifera, Festuca rubra and Pu. maritima), and
cover of halophytes and glycophytes using GLMM
with binomial distributions (Table 1). Classification
of halophytes and glycophytes was done conser-
vatively, and only species restricted to the lower
salt marsh according to Van der Meijden (2005)
were classified as halophytes: Pu. maritima, Suaeda
maritima, and Salicornia europaea. As glycophytes
we classified only those species that are not re-
stricted to salt marshes: F. rubra, A. stolonifera,
Polygonum aviculare and Tripleurospermum mariti-
mum. Species occurring along the entire salt marsh
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gradient, such as A. tripolium, G. maritima, A. pros-
trata, and Pl. maritima, or occurring only at higher
elevations such as E. atherica were unclassifiable
and, hence, excluded from this analysis. One
grazed plot with an exceptionally high cover of the
halophytic grass Pu. maritima (70%) was excluded
from the analysis of halophyte and glycophyte
cover.
Abundance of macro-detritivores, epigeic fauna,
and soil micro-arthropods and species richness of
soil micro-arthropods were tested for treatment
effects using GLMMs (Table 1). Effects of our
treatments on the average body size of the soil
fauna community were compared for the commu-
nity-weighted mean (CWM) body length (Garnier
and others 2004) of Collembola and Acari. CWM
body length was calculated by multiplying the
relative abundance of each species with its average
adult body length and taking the sum of all species
per sample. Because of heteroscedasticity in the
variance of CWM body length between treatments,
we used the nlme library (Pinheiro and others
2014) to include both a varying variance structure
and the nested design.
RESULTS
Soil Physical Properties
Air-filled porosity was significantly decreased by
both defoliation and compaction, both under dry
conditions (June) and under waterlogged condi-
tions (September) (Table 2, Figure 1a, d). In
September, air-filled porosity in the C and D + C
plots was equal to that under cattle-grazed condi-
tions (Figure 1d, C: t = 1.36, P = 0.18; D + C:
t = 0.5, P = 0.62), but was three times higher in
June (Figure 1a). Soil moisture content was higher
Table 1. Summarized Univariate and Multivariate Models Testing the Effects of Defoliation and Soil
Compaction on Different Soil Parameters and Biotic Groups
Response variable Model
type
Distribution Fixed effects Random
effects
Corrected for
overdispersion
Soil parameters
Air-filled porosity (%) GLMM Normal Compaction* defoliation Replicate
Soil moisture (%) GLMM Normal Compaction* defoliation Replicate
Bulk density (g) GLMM Normal Compaction* defoliation Replicate
Redox potential (mV) GLMM Normal Compaction* defoliation*
depth
Replicate,
electrode
Soil salt content (g l-1) GLMM Normal Compaction* defoliation Replicate
Plants
Plant community MANOVA Compaction* defoliation
Root survival E. atherica (%) GLMM Binomial Compaction* defoliation Replicate
Cover of E. atherica and
short-statured grasses
GLMM Binomial Compaction* defoliation Replicate y1
Cover of halophytes
and glycophytes
GLMM Binomial Grazed, D, C, D + C Replicate y1
Fauna
Macro-detritivore
abundance (log)
GLMM Normal Compaction* defoliation Replicate
Epigeic fauna community MANOVA Compaction* defoliation
Epigeic fauna abundance GLMM Poisson Compaction* defoliation Replicate y1
Soil micro-arthopods
community
MANOVA Compaction* defoliation
Soil micro-arthropods
abundance
GLMM Poisson Compaction* defoliation*
depth
Replicate, core y1
Soil micro-arthropods
species richness
GLMM Poisson Compaction* defoliation*
depth
Replicate, core
Soil micro-arthopods
CWM body length
GLMM Normal Compaction* defoliation*
depth
Replicate, core y2
Separate models were run for comparing each of the variables to the grazed conditions, where all treatments were entered as separate factor levels
1Using individual-level random effects
2Corrected for heteroscedacity by allowing variable variances (nlme library).
Separating Herbivore Trampling and Defoliation Effects 675
in September than in June and was increased by
compaction during both periods (Table 2, Fig-
ure 1b, e). The grazed reference plots had higher
moisture content in June (Figure 1b, all treatments
P < 0.001), but somewhat lower moisture con-
tents in September (Figure 1e, all treatments
P < 0.01). Soil bulk density was slightly increased
by defoliation in June, but increased by both
compaction and defoliation in September (Table 2;
Figure 1c, f). In neither period did bulk density of
any of the treated plots approach that of the grazed
plots (all treatments in both periods P < 0.01;
Figure 1c, f). Salt concentration of the pore water
was approximately doubled by defoliation as well
as compaction and was hence quadrupled in the
D + C plots (Table 2, Online Appendix B, Figure
B1). The salt concentration under grazing was,
however, equal to that of the control plots
(t = 0.14, P = 0.89).
Soil redox potential showed a significant three-
way interaction between depth, defoliation, and
compaction (t = 2.55, P = 0.01), therefore analyses
were performed separately for each stratum. De-
foliation caused a reduction in soil redox potential
by some 50 mV, but compaction caused a decrease
by more than 150 mV at 2 cm, increasing to more
than 200 mV at 5 and 10 cm depth (Table 2;
Figure 2). Redox potential in the grazed marsh was
equal to that of the C and D + C plots (P > 0.06 at
all depths), and thus significantly lower than in the
D and control plots (P < 0.01) at all depths
(Figure 2).
Plants
Soil compaction caused a significant increase in
root mortality of E. atherica during winter after the
treatments commenced (Table 2; Figure B2). This
was especially severe in the D + C plots, where
Table 2. Effects of Defoliation and Soil Compaction on Univariate Parameters, Referring to the Models as
Described in Table 1
Defoliation Compaction Defoliation*
compaction
Model
Test stat P Test stat P Test stat P v2 P
Soil parameters
Air-filled porosity (%) June t = -2.67 <0.01 t = -7.58 <0.001 t = 2.19 0.03 54.28 <0.001
Air-filled porosity (%) September t = -2.33 0.03 t = -5.23 <0.001 23.15 <0.001
Soil moisture (%) June t = 8.76 <0.001 0.07 49.87 <0.001
Soil moisture (%) September t = 3.88 <0.001 12.1 <0.001
Bulk density (g) June t = 2.34 0.02 5.32 0.02
Bulk density (g) September t = 2.64 0.02 t = 2.72 0.01 12.07 <0.01
Soil salt concentration t = 4.24 0.001 t = 4.51 <0.001 22.76 <0.001
Redox potential (mV) 2 cm t = -2.04 0.04 t = -9.22 <0.001 t = -2.04 0.04 151.09 <0.001
Redox potential (mV) 5 cm t = -4.05 <0.001 t = -22.69 <0.001 230.55 <0.001
Redox potential (mV) 10 cm t = -3.05 <0.01 t = -23.83 <0.001 239.89 <0.001
Plants
Root survival E. atherica (%) 0.08 z = 3.03 <0.01 11.32 <0.001
Cover E. atherica (after 8 months) z = -5.56 <0.001 z = -7.70 <0.001 z = 5.04 <0.001 83.05 <0.001
Cover E. atherica (after 2 years) z = -9.39 <0.001 z = -2.51 0.01 46.07 <0.001
Cover short-statured grasses (after 2 years) z = 8.34 <0.001 z = 3.99 <0.001 z = -4.67 <0.001 50.9 <0.001
Fauna
Epigeic fauna abundance (Sept) z = -4.50 <0.001 z = -3.48 <0.001 24.01 <0.001
Micro-arthropods abundance (June) 0.06 z = -2.23 0.03 54.96 <0.001
Micro-arthropods species richness (June) 22.19 <0.001
Micro-arthropods abundance (Sept) z = 2.17 0.03 z = -3.65 <0.001 z = -3.36 <0.001 84.55 <0.001
Micro-arthropods species richness (Sept) 0.14 z = -2.89 <0.01 z = -2.6 <0.01 99.24 <0.001
Macro-detritivore abundance (log transf.) t = -3.67 0.001 t = 2.38 0.03 15.00 <0.001
The grazed treatment was omitted for this analysis. Only significant (P< 0.05; denoted bold) or marginally significant (P < 0.1) effects are shown, but marginally significant
effects (0.05 < P < 0.1) were not included in the final models. A significant effect of depth was found for micro-arthropod abundance and species richness in both periods
(abundance June z = -12.33, P < 0.001; richness June z = -4.4, P < 0.001; abundance September z = -9.88, P < 0.001; richness September z = -6.82, P < 0.001).
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only 50% of the roots survived, whereas in the
control plots 90% survived. Defoliation had a
marginally significant negative effect on root sur-
vival (Table 2).
Eight months after the start of the experiment,
cover of E. atherica was severely reduced by both
defoliation and compaction (Table 2; Figure 3a).
After 2 years, however, E. atherica had recovered to
approximately 90% of its initial cover in the C
plots, whereas in the D and D + C plots it had
decreased to 10–20% cover (Figure 3a). By con-
trast, grazing-tolerant short-statured grasses in-
creased over the course of the experiment. Eight
months after compaction, there was no difference
in the cover of short-statured grasses between any
of the treatments (v2 = 1.90, P = 0.37, Figure 3b),
but after 2 years significant differences had devel-
oped (Table 2; Figure 3b). Cover of short-statured
grasses was the highest in the D plots, followed by
Figure 1. Effects of soil compaction (rammer), defoliation (monthly mowing), and long-term grazing (1 cow ha-1) on soil
physical properties in a temperate salt marsh with heavy clay soil. Measurements were taken under dry conditions (June)
and waterlogged conditions (September), 1 year after the start of the experimental treatments.*/**/*** indicate significant
difference from the grazed treatment: *P < 0.05, **P < 0.01, ***P < 0.001. D defoliated, C compacted, D + C: defoliat-
ed + compacted.
Figure 2. Effects of soil compaction, defoliation, and
grazing on soil redox potential in September 2011
(mean ± SE), 1 year after the start of the experiment.
Stars denote significant differences with the grazed plots.
Abbreviations and significance as in Figure 1.
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the D + C plots, whereas their cover was low in the
C and control plots (Figure 3b), explaining a sig-
nificant interaction between compaction and
defoliation (Table 2). Bare soil percentage in both
the C and the D + C plots was up to 30% 8 months
after compaction, and up to 60% in the D + C plots
after 1 year. In the D plots, bare soil peaked 1 year
after compaction, reaching on average 27% cover.
The plant communities replacing E. atherica dif-
fered significantly between treatments (halophytes:
v2 = 50.35, P < 0.001; glycophytes: v2 = 37.18,
P < 0.001; Figure 4). Halophyte cover increased in
the D + C plots to a level equal to that of the grazed
marsh, whereas glycophyte cover was increased in
the D and D + C plots and was equal to the grazed
marsh only in the D plots (Figure 4).
Two years after the start of the experiment, 62%
of changes in plant species composition could be
explained by defoliation (MANOVA; R2 = 0.58)
and compaction (MANOVA; R2 = 0.04, Table 3),
although the effect of compaction was only
marginally significant (P = 0.08). NMDS of plant
communities shows a directional trend of the
communities of the D, C, and D + C plots toward
the grazed plots (Figure 5a). The grazed plots,
however, remain distinctly different from any of
the other treatments due to the presence of several
species not present at the location of the
experiment, such as Pl. maritima and G. maritima.
Fauna
Abundance of epigeic fauna was significantly
decreased by compaction, but more so by defo-
liation (Table 2; Figure 6a). Under grazed condi-
tions, however, the abundance of epigeic
arthropods was as high as in the control treatment
(Figure 6a), but community composition under
grazing differed considerably from all treatments
(Figure 5b). MANOVA showed that community
composition of epigeic fauna was significantly af-
fected by defoliation (Table 3; Figure 5b) and was
marginally significantly affected by compaction
(P = 0.09).
Species richness and abundance of soil micro-
arthropods were significantly lower at 5–10 cm
depth than at 0–5 cm, in all treatments, under both
dry and waterlogged conditions (Table 2;
Figure 3. Development of average cover percentage ofA
the tall grass E. atherica and B the grazing-tolerant short
grasses A. stolonifera, F. rubra, and Pu. maritima under
defoliation, soil compaction (see arrows) and grazing over
2 years (mean ± SE). In A stars denote significant dif-
ferences from the control and in B significant differences
from the grazed plots after 2 years. Abbreviations and
significances as in Figure 1.
Figure 4. Plant communities replacing E. atherica in the
treated plots, after 2 years of monthly mowing and three
compaction rounds, compared to grazed conditions.
Halophytes: P. maritima, S. maritima, S. europaea; Glyco-
phytes: A. stolonifera, F. rubra, T. maritimum, P. aviculare;
not included: E. atherica, A. tripolium, Pl. maritima, A.
prostrata. Abbreviations and significances in comparison
to the grazed plots as in Figure 1.
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Figure 6b, c, e, f), but depth had no significant in-
teractive effect with compaction or defoliation
(Table 2). In June, the abundances were sig-
nificantly decreased by compaction and marginally
increased by defoliation (Table 2; Figure 6b), but
there was no difference in species richness between
Table 3. Multivariate Permutational ANOVA Results Showing the Relative Importance of Defoliation and
Soil Compaction and Their Interaction in Determining Species Composition of Plants (After 2 Years), Epigeic
Fauna, and Soil Micro-arthropods (After 1 Year)
Defoliation Compaction Defoliation*
compaction
F P R2 F P R2 F P R2
Plants 44.87 <0.001 0.58 3.28 0.08 0.04
Epigeic fauna 4.30 <0.001 0.13 1.65 0.07 0.05
Soil micro-arthropods 0–5 cm depth 6.54 <0.001 0.17 1.84 0.06 0.05
Soil micro-arthropods 5–10 cm depth 5.89 <0.001 0.16
Grazed plots were excluded from this analysis. Only significant (P < 0.05; denoted bold) or marginally significant (P < 0.1) effects are shown, but marginally significant
effects (0.05 < P < 0.1) were not included in the final models.
Figure 5. Biplots of first two NMDS axes of A plants, B epigeic fauna (beetles and spiders), and soil micro-arthropods
(Collembola and Acari) at depths of C 0–5 cm and D 5–10 cm in reaction to defoliation (monthly mowing), soil com-
paction, and long-term grazing. Plant species composition was assessed 2 years, and animal communities 1 year after the
start of the experiment. Abbreviations as in Figure 1.
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any of the treatments at either depth (0–5 cm:
v2 = 3.1, P = 0.54; 5–10 cm: v2 = 6.0, P = 0.20,
Figure 6e). When compared to the grazed marsh,
only a higher abundance of micro-arthropods was
present in the D plots, whereas no differences were
found in species richness for any of the treated
plots.
In September, however, micro-arthropod abun-
dance and species richness were significantly
reduced by soil compaction, but increased by
defoliation in the absence of compaction (Table 2;
Figure 6c, f). Compared to the grazed marsh, mi-
cro-arthropod abundance was higher in the D plots
(z = 2.80, P < 0.01), but lower in the C- (z =
-3.22, P = 0.001) and D + C (z = -5.9, P < 0.001)
plots, and did not differ from the control plots
(P = 0.57; Figure 6c). Species richness, however,
was lower in the grazed plots than in the control
(z = 3.3, P = 0.001) and D plots (z = 4.7, P <
0.001), but equal to the C (P = 0.67) and D + C
plots (P = 0.09) (Figure 6f).
MANOVA showed that compaction was a highly
significant factor in explaining community com-
position of soil micro-arthropods (Table 3), and the
interaction between defoliation and compaction
was marginally significant for the upper stratum
(P = 0.06). The explanatory power of the models,
however, was rather low (0–5 cm: R2 = 0.18;
5–10 cm: R2 = 0.16), which is also evident from the
high stress of the NMDS biplots (Figure 5c, d).
NMDS of the micro-arthropod communities
showed high similarity between the control and the
Figure 6. Effects of soil compaction, defoliation, and grazing on abundance of A epigeic fauna (spiders and beetles), D the
crustacean macro-detritivore Orchestia gammarellus, and B, C, E, F abundance and richness of soil micro-arthropods
(Collembola and Acari). Abbreviations and significances in comparison to the grazed plots as in Figure 1.
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D plots, and a shift in composition of the C and
D + C plots (Figure 5c, d), whereas the grazed plots
were distinctly different from all other plots.
CWM body size of both Collembola and Acari
was smaller in the lower soil stratum in both
periods. This caused a significant interaction be-
tween depth, defoliation, and compaction for
Collembola in June (t = 3.28, P < 0.01), and
therefore the effects were analyzed separately for
each stratum (Table B1). Compaction caused a
significant decrease in CWM body length in
September of 0.8 mm for Collembola and 0.04 mm
for the much smaller Acari (Table B2). In June,
defoliation caused a significant increase in
Collembola body length, but a negative interaction
with defoliation (Table B1), giving a net decrease in
the D + C plots (Table B2). In comparison to the
grazed marsh, Collembola in June showed a sig-
nificantly lower CWM body size only in the D + C
plots in the upper stratum, and all treated plots had
higher CWM body size in the lower stratum (Table
B2), whereas Acari showed no differences. In
September, Collembola CWM body size was
smaller in all experimental plots over both strata in
comparison to the grazed marsh, and Acari only
showed a smaller CWM body size in the
experimental plots in the upper stratum (Table B2).
The macro-detritivore O. gammarellus did not
follow our hypothesized decrease in response to
soil compaction. It was positively affected by soil
compaction, but negatively affected by defoliation
(Table 2) and was virtually absent under cattle
grazing (Figure 6d).
DISCUSSION
Our results confirmed most of our expectations
regarding the simulated large herbivore effects of
defoliation and soil compaction treatments on soil,
plants, and soil arthropods. As expected, defoliation
had no large impact on soil properties, but caused
an increase in cover of short-statured plants and a
decrease in abundance of epigeic fauna. The effects
of soil compaction were most pronounced under
waterlogged conditions, showing increased soil
moisture content, and decreased air-filled porosity
and redox potential, as well as abundance and
species richness, and a reduction in body size of soil
micro-arthropod communities. Only combined
defoliation and soil compaction caused the ex-
pected increase in soil salt concentration and cover
of halophytes. Defoliation, therefore, seems to be
conditional for soil compaction to have an effect on
plant communities. Surprisingly, we did not find a
negative effect of soil compaction on macro-detri-
tivores, and also the comparison of our treatments
to the grazed marsh yielded mixed results.
We had hypothesized that due to the collapse of
pore space, macro-detritivores would be excluded
from the compacted plots (see for example, Piearce
1984; Schon and others 2010). The most important
macro-detritivore in this ecosystem, the terrestrial
amphipod O. gammarellus, is well known to be al-
most completely absent from grazed salt marshes
with short vegetation and highly compacted soils
(Meyer and others 1995; Schrama and others
2013a). In the current study, however, we found
that the abundance of this species increased under
compaction, but decreased under defoliation. It is
likely that in the C plots, the amount of fresh, high-
quality plant litter was increased. As this species
relies on large quantities of dead organic matter
(Dias and Sprung 2003) and uses protective
vegetation cover to maintain its homeostasis
(Moore and Francis 1986), our C treatment has
likely benefited this species through increased food
and shelter availability. By contrast, defoliation
decreased both food and shelter availability, caus-
ing a decrease in macro-detritivore abundance. The
small scale of our experiment and the absence of a
physical barrier for this species, which can travel up
to 10 m per night (M.P. Berg, unpublished data),
enabled this species to quickly colonize the treated
plots from the surrounding vegetation. It can be
expected that in the long run, a combination of
defoliation and compaction will result in strongly
reduced macro-detritivore abundance due to
habitat deterioration.
Micro-arthropod abundance and species richness
were strongly reduced as a result of soil compaction,
but only under waterlogged conditions. Collembola
in particular almost completely disappeared from
the deeper stratum of all compacted plots, and
therefore seem to be more sensitive to soil com-
paction than the smaller-sized Acari, in agreement
with previous studies (King and Hutchinson 1976;
Aritajat and others 1977; Heisler 1994). Surpris-
ingly, abundance and species richness of micro-
arthropods increased significantly in the D plots. An
increase in soil fauna abundance following defo-
liation has been previously observed (Jensen and
others 1973) and it is likely that this is caused by an
increase in litter quality, root exudation, and/or an
increase in soil temperature. Increased litter quality
and root exudation result in a higher microbial
biomass, an important food source for micro-
arthropods (Hopkin 2007). An increase in tem-
perature may result in enhanced growth rates,
shorter time to reach maturity and, hence, a higher
reproductive output (Christiansen 1964).
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Comparison to Grazed Conditions
Several soil properties, such as soil aeration and
redox potential, of the grazed marsh were similar in
the C and D + C plots, especially under water-
logged conditions, and the cover of halophytes
reached levels comparable to grazed conditions in
the D + C plots. Although our treatments had
strong effects on soil properties, floral composition
and soil fauna, our success in replicating the con-
ditions of the long-term cattle-grazed salt marsh
was limited. In multivariate space, the plant com-
munity showed a directional change toward long-
term grazed conditions, but did not match it. In-
deed, when comparing vegetation in our treated
plots to adjacent salt marshes where grazing was
installed 3 years previously (S. Nolte unpublished
data), an obvious similarity with the D + C plots
becomes apparent, whereas the D plots appear
distinctly different (Figure B3). This suggests that
our D + C treatment is probably more comparable
to the salt marshes where grazing just commenced.
Nevertheless, soil bulk density was only slightly
increased by our treatments, not nearly reaching
the level of the long-term grazed salt marsh, and
soil salt concentrations in the experimental plots
were 2–4 times higher than under grazed condi-
tions. Additionally, the plant and arthropod com-
munities in all our treated plots showed
considerable compositional differences with those
under grazing.
Three main factors may explain these mixed re-
sults. First, the spatiotemporal scale of the treat-
ments was not comparable to that of a salt marsh
that has been grazed for decades, and to which
plant and arthropod communities have had time to
adapt. The difficulty here is that it is impossible to
compact the soil without physically damaging the
plants growing in it. To allow the plants to recover
from our intense compaction treatment, we em-
ployed it with low frequency, resulting in repre-
sentative soil properties, but a time lag in response
of the plant and arthropod communities.
Secondly, due to the isolation and small scale of
our plots, only a selection of the species already
present in the ungrazed area could have occurred.
Several plant and arthropod species found in the
grazed salt marsh will have been dispersal limited,
explaining the consistent dissimilarity in species
composition between the grazed and treated plots
(see also Dobarro and others 2013).
Finally, the present stocking density of 1 cow ha-1
at the grazed marsh was probably somewhat lower
than in the recent history of the area, allowing a
closed vegetation cover to establish. This will have
affected salt concentrations because these are well
known to correlate positively with bare soil per-
centage (Lavado and Taboada 1987; Srivastava and
Jefferies 1996). The conditions in the D + C plots
were therefore probably more comparable to other,
more intensively grazed salt marshes (Bakker and
others 1985; Srivastava and Jefferies 1996; Esselink
and others 2000).
The Importance of Defoliation and
Trampling
The effects of defoliation on plants and epigeic
arthropods are generally well understood (Morris
2000; Mikola and others 2009). Defoliation allows
plant species richness to increase after removal of
competitively dominant species, in our case E.
atherica, a species of low resource quality. Epigeic
and foliar arthropods usually decrease in abun-
dance due to a decrease in vegetation complexity.
Its effects on belowground fauna are more com-
plex, and can be positive to some taxa, while being
negative to others (for example, Mikola and others
2009; Schon and others 2010).
The effects of trampling, however, seem to differ
between ecosystems, when our results are com-
pared to those of similar experiments. In unpro-
ductive ecosystems with coarse-textured soils, the
majority of trampling effects on vegetation com-
position were explained by biomass destruction of
the most competitive species (Olofsson and Shams
2007; Sørensen and others 2009; Dobarro and
others 2013), and no differences in soil properties
caused by the treatments were reported (Sørensen
and others 2009; Dobarro and others 2013). By
contrast, on our fine-textured, highly productive
clay soil, trampling only reduced cover of the most
competitive species (E. atherica) during the first
round of compaction, after which it rebounded and
remained dominant. Only when defoliation pre-
ceded soil compaction did we attain abiotic condi-
tions comparable to those of grazed salt marshes,
and a decrease in cover of E. atherica. This cor-
roborates previous findings that the effects of soil
compaction are most severe on fine-textured soils
(Schrama and others 2013a, b; Veldhuis and others
2014).
Negative impacts of litter trampling (Duffey
1975) and soil compaction (Chappell and others
1971; King and Hutchinson 1976; Petersen and
others 2004; Schon and others 2010) on soil fauna
are commonly found, although some positive
effects have been reported (Bardgett and others
1993). It therefore seems that the negative effects
of trampling may to some extent be alleviated by
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the positive effects of increased nutrient input due
to defecation, radial oxygen loss, root exudation,
and greater root penetration (Bardgett and Wardle
2003). Thus, the net impact of grazing on soil fauna
and the processes they mediate depends on herbi-
vore density and the spatial and temporal scales at
which grazing takes place. In productive ecosys-
tems, such as ours, the effects of trampling can be
expected to be severe, as the fast regrowth of the
vegetation allows high herbivore densities and
frequent returns to the same feeding station.
At our grazed site, where livestock densities were
moderate, it is possible that the positive and nega-
tive effects of grazing were balanced out, which
may explain why no difference in abundance and
only a small difference in community composition
of soil micro-arthopods were found between the
grazed and control plots.
Because soil fauna is important in decomposition
and mineralization processes (Seastedt 1984), low
abundance and diversity of soil fauna can explain
observations of decreased mineralization and decom-
position, often found on grazed salt marshes (Kiehl
and others 2001; Ford and others 2012; Schrama and
others 2013a). However, to fully understand the me-
chanismsbywhich soil compactionaffects ecosystems,
it will be important to study the complex mutualistic
and antagonistic relations between microbes, plants,
and soil fauna, which can be mediated by soil com-
paction (Kardol and others 2014).
We conclude that herbivore-induced soil com-
paction should be seen as an additional mechanism
explaining changes in plant and soil fauna com-
munities under grazing. Its importance, however,
depends to a large extent on ecosystem productivity,
soil physical properties, and herbivore density.
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